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Abstract 

We review the enhangon mechanism proposed by Johnson, Peet and Polchinski. If 
we consider the D6-brane wrapped on K3, then there appears a naked singularity 
called "repulson" in the supergravity solution. But this singularity is resolved by a 
O |. shell structure called "enhangon" . In the interior of the enhangon, the abelian gauge 

D ■ symmetry is enhanced to a nonabelian one, and ordinary supergravity is no more 

reliable. We also review the interpretation of enhangon as fuzzy sphere. This paper 
is the contribution to the proceedings of "Frontier of Cosmology and Gravitation", 
April 25-27 2001, YITP. 

^ ! 1 Introduction 

qq ' The string theory includes the graviton in its massless spectrum, and each order of the loop expansion 

is finite. Therefore, the string theory is thought as the "quantum theory of the gravity" (For a review of 
the string theory, see Q). However, the formulation of the string theory depends on background, and we 
can only formulate it as a fluctuation from the background. 

Let us consider what happens when the background has some geometrical singularity. If one can 
formulate the string theory consistently on the geometrically singular background, let us call it "resolution 
of singularity in the string theory" . For a review of singularities in the string theory, see (^] . 

Orbifolds are the most famous examples of resolution of singularity in string theory. The string 
theory on an orbifold can be formulated consistently by including the twisted sectors. The twisted 
sectors correspond to the resolution modes. 

Also D-branes are interesting objects from the point of view of singularities. A D-brane is the object 
on which open string can end [Q. On the other hand, a D-brane can also be described as a solution of 
the classical supergravity |j| — the low energy effective theory of the string theory. The supergravity 
description and the open string description of a D-brane do not look very similar at first sight. The 
evidences of the equivalence of these two are as follows. 

• The supergravity description and the open string description of a D-brane have the same charge 
called Ramond-Ramond charge. 

• Both of them arc BPS saturated states. BPS saturated states are the lowest energy states out of 
those which have the same charge, that is, extremal in terms of the relativity. 

For this reason, we regard them as the same object. 

If we describe this D-brane as a solution of the supergravity, there often appear naked singulari- 
ties. But, D-branes are not "bad" objects in open string description, the singularities in supergravity 
description should be resolved by some mechanisms. 

The singularity treated in this paper — repulson singularity — is one of the D-brane singularities Q . 
It does not resemble to ordinary D-brane singularities in the supergravity description. However, we know 
that the string theory on this D-brane background is not singular, therefore, the geometric singularity is 
resolved. We intend to see how this singularity is resolved from the geometrical point of view and clarify 
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what happens near the singularity. In this point of view, Johnson, Peet and Polchinski || propose that 
there appears a special radius called "enhangon radius" and D-branes form a "shell" at this radius. And 
in inner region of this radius, the geometry seems to be flat and there are no singularity. We review this 
"enhangon mechanism" in this paper. 

The organization of this paper is as follows. In section |], we consider the D-brane configuration called 
"D6-D2* system" and see how the singularity appears. We also analyze this system by the D-brane probe 
and see a special radius called "enhangon radius" appears. In section |3| we interpret the enhangon in 
terms of the gauge theory and explain the proposal of the "shell" . In section |^, we introduce another 
point of view of the enhangon shell as a fuzzy sphere. 

2 D6-D2* system 

Let us consider the Type IIA string theory on R 5,1 xK3 . Here, the manifold "K3" is a 4-dimensional 
Ricci flat Kahler simply connected compact manifold. The manifolds which satisfy the above conditions 
are all diffeomorphic. For a review of string theory on K3 see 

We consider N D6-branes wrapped on whole K3 in the above theory. In the view of the 6-dimensional 
theory, these D6-branes look 2-branes. This system has not only N D6-brane charge but also (—A) 
D2-brane charge ^ of shown in table |l|. This is because K3 is curved and the stringy correction arises. 
Actually, these negatively charged D2-branes are not the ordinary anti-D2-branes and have negative 
contribution to the brane tension. We call this system "D6-D2* system". This D6-D2* system is BPS 
saturated and conserves 8 supercharges. 
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Table 1: D6-D2* system. The branes spread to the direction marked by Oj an( i do not spread to the 
direction marked by x . There are actually no D2-brane, but we write D2-brane in this table in order to 
express the D2-brane charge. 



2.1 Classical solution 

The low energy effective theory of the type IIA string theory is the type IIA supergravity. The type IIA 
supergravity includes the following fields as bosonic fields. 

• NSNS fields — g M N (metric), (NSNS 2-form), $ (dilaton). 

• RR fields — (RR I-form), C (3) (RR 3-form). 

A D6-brane has magnetic charge of the gauge field C* 1 '. It is convenient to denote the electro-magnetic 
dual of C^ 1 ) by 7-form . Then, A D6-brane has electric charge of C' 7 ' . On the other hand, D2-brane 
has electric charge of . Sometimes it is convenient to use 5-form which is the electro-magnetic 
dual of C< 3 \ 

Now we write down the classical solution of D6-D2* system. Let the longitudinal direction on the 
brane /i, v = 0, 4, 5, and their flat metric ?7 M „ = diag(— 1, 1,1). We denote the transverse direction of the 
branes as i, j = 1, 2, 3. Let us also define the radial coordinate r 2 — x l x % . By using these notations, the 
solution can be written down as 

ds 2 = Z^^Z^^rj^dx^dx" + Zl /2 zl /2 dx i dx i + zl /2 Z~ 1/2 Vu /2 ds 2 K3 , 

2$ _ 2 7 l/2 7 -3/2 
e — .9o Z 2 Z 6 ) 

C (3) = {Z 2 g )- 1 dx° A dx 4 A dx 5 , 

= (Zego^dx A dx 4 A dx 5 A (vol(A3)). 



2 



1 - 9oa 




Figure 1: The potential of D6-D2* system. At r = \r2\ the potential diverge. Near the singularity, there 
is repulsive force, and At far from the singularity, there is attractive force. 

Here, we use the harmonic function Z 2 and Z§ of the form 

r 2V 

Ze = H , r 6 = — - — . (2) 

r I 

In the above equations, ds 2 K3 is a Ricci flat metric on K3 of unit volume, and vol(AT3) is the volume form 
of the K3, which is 4-form. We also used here the constant t s called "string length". The string length 
characterizes length scale of the stringy effects. If one want to see smaller things than i s or higher energy 
things than l/£ s , he should use string theory rather than supergravity. 

In the above solution, there are two continuous parameter (integration constant) go, Vq and one 
discrete parameter N. The go is the string coupling constant at far from the branes. The Vb is the 
volume of the K3 at far from the branes. 

Let us consider the parameter region where the classical supergravity is valid at least far from the 
brane. First, to suppress the loop contribution of the string theory, go should be small. We also suppose 
Vq is very smaller than the stringy volume V* := (27r£ s ) 4 in order to avoid the stringy effects. Then, we 
can see from ([j]) and (Q) that Iral/Ve = V*/Vq is very smaller than 1, so we can conclude |j~2 j <§C r§ when 
we suppose the supergravity is valid at infinity. This means that if we observe this system far from the 
brane, we cannot see the effect of D2* charge. 

Now, we consider the singularity. The point r = 1 7^2 1 is a naked singularity. This singularity is 
"repulsive" which mean there are repulsive force near the singularity. Therefore, this singularity is called 
"repulson singularity" . In figure [l], we show the gravitational potential. 

Let us remark the validity of the supergravity near the singularity. The singular point is r = |r*2 j = 

\ (^^j goN. The validity of the supergravity at infinity requires both an d go small. If N is not so 

large, |/"2 ] <C i s and supergravity or geometrical consideration is no more valid. The region of repulsive 
force is the same order as 1 7^2 1 ■ Therefore, If we intend to view the repulson singularity by supergravity 
point of view, we should set N very large in order to \r%\ 3> i s - However, even if we set N very large, 
the compactification of IIA supergravity is no more valid, because the volume of the K3 V := VqZz/Zq 
becomes arbitrary small near the singularity. Especially, there is the point V = V* = (2tt£ s ) 4: 7 which is 
called "enhangon radius" in the following context. At this point, extra massless fields appear as we see 
later. 

In the following subsection, we investigate what happens near the singularity. 
2.2 Probe analysis 

In order to see the nature of the singularity, we use some object as a probe and move it close to singularity. 
A neutral object cannot reach the singularity because of the repulsive gravity force. Then, how about a 
charged object? Especially, when we construct D6-D2* system, we gather N of single D6-D2* at a point. 
Actually, D6-D2*'s are BPS even if they are separate, there are no force between them. For these reasons, 
we use a D6-D2* as the probe. Do not confuse the source D6-D2* system, and the probe D6-D2*. The 
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former is composed of N D6-D2*'s and makes the background. The latter is a single D6-D2* used to 
study the geometry made by the source D6-D2* system. 

Let us consider the D-brane dynamics on some nontrivial background. For example, the action of a 
particle in the electromagnetic field is 

dt mJ^q+ I eA^ 



-a 

where g is induced metric, is pull-back the electromagnetic field to world-line, e is the charge of the 
particle, and m is the mass of the particle. On the analogy of a particle, a p-brane action on (p+ l)-form 
field C {p+1) background can be written as follows. First, change the integration region to the (p + 1)- 
dimensional world volume. Next, change the length of the world line to the volume of the world volume. 
Finally, change the gauge field to (p + l)-form which is naturally integrated on the (p + l)-dimensional 
world volume. The result is written as 



S=- J dP +1 ZT p ^Mg~ + J 



(j(p+i) 



where T p is the brane tension, and /j, is the brane charge. 

In the case of the D6-D2*, the action is a little complicated because of the following reason. 

• The D-brane tension depend on the value of dilaton <E>, the tension depend on r. When we integrate 
in the K3, the tension is also depend on K3 volume. 

• As mentioned before, D6-D2* system has negative D2 charge because of the curvature. 

• Related above, the curvature of K3 has negative contribution to the tension. 
As a result, if we integrate the K3 part, the action becomes 



d^e-^\^V{r) - M2 ) V^det^ + p 6 / - fi 2 / (3) 



M 

where V(r) = VaZ 2 /Z & as defined before, fi p — (2n)~ p £~ p+1 are Dp-brane charges. 
Now, we fix the reparametrization symmetry and assume some anzats. 

• Static gauge, a; = £°, x 4 = £ x , x 5 = £ 2 

• The prove move only to r-direction. We also assume r is depend only on £ . 

• We consider the slow motion, and expand by the velocity f :— dr/d£° . 
Then, the action (0) can be rewritten as 



S = J d^df J d£° 



( const ) + ^l(y{ r )-V*)r 2 + .. 



(4) 



The 0-th order term of the r expansion of integrand of action is the potential term. In the action 
(|J), the potential is constant and independent of r. Thus, if the probe is not move (f = 0) then there is 
no force, and this system is stable. This is consistent with the fact that this system (the source D6-D2* 
system and the probe D6-D2*) is BPS if the probe stops. 

The second term is the leading term of the kinetic energy. We can see the tension depends on r, and 
when the volume of the K3 becomes the stringy volume: V{r) — V*, the tension vanishes. When the 
probe is far from the source branes, the volume of K3 becomes V(r) = Vq ^> V*. If the probe approaches 
to the singularity and r decreases, at the point V(r) = V* r = r e := \ r i\ > the probe becomes 

tensionless, and moreover, when r < r e the tension becomes negative. This critical point r e is called 
"enhancon radius" . The r dependence of the volume of the K3 is shown in figure ^. 

Negative tension is rather pathological. It seems that near the enhangon radius, the classical super- 
gravity is no more valid. Actually, when a nonperturbative object like a D-brane become light, even the 
perturbative string is no more valid. In the next section, we collect some observations, and mention the 
interpretation proposed by Johnson, Peet and Polchinski. 
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Figure 2: The image of the r dependence of the volume of the K3 V(r). At large r, the volume is Vq and 
we assume it is large. At r = r e , the volume becomes V*, where the stringy effect is relevant. At r = \r-i\, 
V{r) = 0. 

3 Gauge symmetry enhancement and D6-D2* shell 

3.1 type II A string theory on K3 as a gauge Higgs system 

In this section, we consider the 6-dimensional gauge theory obtained by the compactification of type IIA 
string theory on K3, and for a while, let us consider the background without D6-D2* branes. 

First, we look at two U(l) gauge field of the following. One is obtained directly from ten dimensional 
by Cm where m = 0, 1, . . . , 5. The other C^> is obtained from ten dimensional 5-form (electro- 
magnetic dual of 3-form C^) by the relation = & 1 ' A vol(K3), where vol(-ftT3) is the volume form 
of the K3. Note that a D6-D2* has a magnetic charge (1, -1) of (CW , C^). 

Next, we have a scalar field H = V — V*, where V is the volume of the K3. The vacuum expectation 
value of H is Vo — V* ■ Note that H is a moduli, which means the vacuum expectation value of H takes 
continuous values, and (H) parameterizes the vacuum. 

Finally, there are a particles of D4-D0*. D4-D0* is the D4-brane wrapped on K3, and there appear 
the negative DO-brane charge for the same reason as the D6-D2* case. We show the D4-D0* configuration 
m table g We can see that it is actually a particle in 6-dimensions from the table 0. 
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Table 2: D4-D0* system 
The action of the D4-D0* can be obtained by the same way as the D6-D2* case. The result is 



s = - f de^(v -v*)V=m. 
J go 



We can read the mass of the D4-D0* as ^ (Vo — V* ) , which is proportional to the (H) . If Vq is not much 
larger than V*, then, D4-D0* particles is light, and easily pair created or pair annihilated. Therefore, 
we should treat D4-D0* particles as fields. Note that this field is electrically charged (—1, 1) under the 
CW, C^ 1 ) so the field is complex. Moreover, we assume this field is a vector field. We denote this field as 
W~ and its complex conjugate W+. 

We summarize these actors in the table [| This shows that the 6-dimensional system includes the 
U(2) gauge theory with massless adjoint Higgs. The U(2) gauge field is 



w- 



A - 

Actually, the charge of the D4-D0* is consistent with this picture. 
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origin 


field 


interpretation 


10-d 1-form 


C(D 


photon 


10-d 5-form 


C-(i) 


another photon 


volume of K3 


H 


massless Higgs field 


D4-D0* 


W ± 


W-boson 



Table 3: The fields that we observe in 6-dimensional gauge theory obtained from type II A theory com- 
pactified on K3. They are interpreted as fields in a Higgs mechanism. 

U(r) 
T 




Figure 3: The graph of potential term in (g). U(r) = -^-{Z^ x {r)V Q - Z^ x (r)V*). If r > r e , the 
potential is flat. If r < r e , there are repulsive force. 



What is the role of the D6-D2* in this picture? It has magnetic charges of the photon. Hence, we can 
conclude the D6-D2* is the 'tHooft-Polyakov monopole in this gauge Higgs system. Near the center of the 
classical 'tHooft-Polyakov monopole, the value of Higgs becomes small and the W-boson mass becomes 
small. 

When H = the W-bosons become massless, and the gauge symmetry is enhanced from U(l) 2 to 
U(2). At the enhangon radius of D6-D2* system, this gauge symmetry enhancement occurs. The name 
"enhangon" is from this gauge symmetry enhancement. 



3.2 Enhancpn as a shell 

Let us go back to the D6-D2* system and consider the problem that the tension of the probe becomes 
negative. In the field theory, this is not a problem. In that case, only the mass square is appear in the 
theory, which mean m^y oc (H 2 ). 

In the probe theory we can make a trick and avoid a negative mass as follows. We can rewrite the 
probe action (j^j outside the enhangon radius as 



S = - d 3 £e-*M / i6vM^M-K) 2 dct. 9ab + .... (5) 



If we use this form also inside the enhangon radius, the mass does not become negative, but another 
problem occur. Inside the enhangon radius, the potential term of (g) is not constant. It becomes 



S = d 3 £ 



— (Z7Hr)V - Z^MVJ + (higher order in r) 
9o 



(6) 



The potential is flat when r > r e . On the other hand, when r < r e , there are repulsive force. Therefore, 
D6-D2* probe cannot stop at a point inside the enhangon radius and the nearest point it can stop is the 
enhangon radius. 

Now, let us consider how to construct the D6-D2* system and repulson singularity by gathering N 
D6-D2*'s. Let us observe one of the N D6-D2*'s, and others as sources of the background field, that is 
we separate D6-D2*'s to a probe brane and source branes. This is a kind of mean field approximation. 
The prove D6-D2* can be stops anywhere when it is apart enough from the source branes. Then, we 
move slowly the whole D6-D2*'s to a point to make the singularity. But when they are closer each other 
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than the enhangon radius, there are repulsive force and the configuration is unstable. In the result, the 
closest stable configuration is one in which the D6-D2*'s form a S 2 shell at the enhangon radius. The 
image of this observation is shown in figure ^ 




(a) no force (b) repulsive force (c) shell 



Figure 4: To make singularity by gathering the D6-D2*. The dashed circle expresses the enhangon radius. 
If D6-D2*'s are put as (a), the configuration is BPS and there is no force. On the other hand, if D6-D2*'s 
are more close each other and put as (b), there are repulsive force and the configuration is unstable. So 
the closest stable configuration is the shell as (c). 

In the interior of the shell, it seems that the metric is flat because there are no source in the interior 
the shell. Consequently, there are no singularity in this configuration. This mechanism of resolution of 
singularity is called "enhangon mechanism" . 

There is still another problem. We naively mention that D6-D2*'s are form the shell. However, if we 
treat D6-D2*'s as finite number of thin object, they cannot form a whole shell. More concretely, there are 
SO(3) symmetry in the original D6-D2* system, but we cannot realize a SO(3) invariant configuration 
by putting finite number of points on the S 2 . Therefore, on the enhangon shell, the branes are no more 
thin, but they seem to melt, mixed to each other and become a higher dimensional object. We review 
this picture from another point of view in the next section. 

4 Enhangon and fuzzy sphere 


In order to see how the D6-D2* branes form a S 2 , let us go to a dual picture — the D3-D5 system. 
The D3-D5 system is, as shown in table ^, composed of 2 D5-branes and N D3-branes attached to both 
D5-branes. The two D5-branes correspond to the curvature of K3 in the D6-D2* system, and N D3- 
branes correspond to N D6-D2* branes in the D6-D2* system. Therefore the enhangon can be seen in 
the D3-D5 system as D3-brane shell. Let us see how the D3-branes form a shell. 

From the point of view of the gauge theory on the D5-branes, the D3-branes are the magnetic monopole 
- 'tHooft Polyakov monopole. classical solution of 'tHooft Polyakov monopole is not a point like thin 
object, but a fat object. In brane picture, this is a tube like configuration as shown in figure ^[ 








1 


2 


3 


4 


5 


6 


7 


8 


9 


D3 





X 


X 


X 











X 


X 


X 


D5 




















X 


X 


X 


X 



Table 4: D3-D5 system 

Let us consider this system from the point of view of the gauge theory on the N D3-branes. The theory 
on the D3-branes is the super symmetric U(iV) gauge theory. It includes the gauge field A^, \i = 0,4, 5, 6 
and adjoint scalar field (N x N hermitian matrix) X , I = 1, 2, 3, 7, 8, 9. The matrices X 1 are interpreted 
as the coordinate of the position of the D3-branes. We use the following anzats here. 

2 This section was omitted in the talk. 
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Figure 5: The image of the D3-D5 system. The D3-branes are attached to two D5-branes. From the 
point of view of the gauge theory on D5-branes, the D3-branes are smeared and become a tube. The 
smallest radius of the throat is to be enhangon radius MM- 



• Only three of the scalar X 1 , X 2 , X 3 have nontrivial value. The other field: the gauge field and 
X 7 ,X a ,X 9 is set to be 0. 

• X 1 , X 2 , X 3 depend only on one of the space-like coordinate a of the world volume. 

Since we want BPS solutions, we should consider the Bogomolnyi equation in stead of the equation 
of motion. If a configuration satisfies Bogomolnyi equation, that configuration also satisfies the equation 
of motion. 

In the above anzats, Bogomolnyi equation becomes 

d^X* = ^e ijk [X j ,X k }. (7) 

There are trivial solutions in which the X l, s are independent of a. 

d <r X i = 0, [X\XJ}=0, (i,j = 1,2,3). 

In this case, X 1 , z = 1,2,3 can be diagonalized at the same time. 

X 1 = diag(^,4,...,4 r ). (8) 

This shows that the position of the a-th D3-brane is (x\,x 2 , x 3 ). So this solution is N of thin D3-branes, 
which means that the position of each brane is sharply determined. The solution (^|) is not the solution 
we need. In this solution, there are no D5-branes, and not the dual of original D6-D2* system. 

We show here another solution. The shape of this solution is like the figure ^, and called "funnel 
solution" In that solution, the position of each branes are blurred and has SO (3) symmetry. These 
are necessary properties of the enhangon, and we regard this solution as enhangon. The solution is 

XH&) = --a\ 
a 

where a 1 is TV-dimensional representation matrix of SU(2) which satisfy 

\ i 7i - Aik k 

[a , or J = is J a . 

In this solution, from the Casimir operator of iV-dimensional representation, the following relation is 
satisfied. 

(X 1 ) 2 + (X 2 ) 2 + (X 3 ) 2 = {R{a)) 2 ■ l N , R{a) 2 = (TV 2 - 1), 
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D5-brane 



D3-brane 



Figure 6: The image of the funnel solution. The section of constant a is a S 2 of radius R(cr) oc er -1 . 
This solution can be interpreted as blurred picture of N D3-branes ending on a D5-brane. Actually it is 
known that this solution has a D5-brane charge. 



where Iat is the N x N identity matrix. As a result, if we consider the constant a section, (X 1 , X 2 , X 3 ) 
is formally a S 2 of radius R(a). This space is called "fuzzy sphere" | fi()| . 

This geometry can be interpreted as the figure ^. The section of constant a is a "S* 2 " of radius R(cr) 
R(u) oc er -1 and divergent at a = 0. This can be interpreted as there are a D5-brane at a = 0. So this 
is a picture of a D5-brane and N D3-branes end on the D5-brane from the point of view of the gauge 
theory on D3-branes. Actually, it is shown that this solution has a D5-brane charge ||. 

We obtained a solution which contains a D5-brane and N D3-branes. However, strictly speaking, 
this is not the solution we need. In this solution, there is only one D5-brane and the gauge group on 
D5-brane is U(l), and this solution is Dirac monopole in view of the gauge theory on the D5-brane. The 
solution we actually need is shown in figure ^[ In this case, there are two D5-branes and the gauge group 
on D5-brane is U(2). There are adjoint Higgs fields on the brane gauge theory, and the gauge group is 
broken to U(l) 2 . Moreover, the D3-brane is a 'tHooft-Polyakov monopole from the viewpoint of D5-brane 
gauge theory. To obtain this type of solution is a future problem. 



5 Conclusion 

In this paper, we review the enhangon mechanism — a mechanism of resolution of repulson singularity 
of D6-D2* system. In this mechanism, the D6-D2* makes a shell at the enhangon, which is in exterior 
the singularity. Since there is no source in the interior of the shell, the inside of the shell is flat and 
nonsingular. This shell turns out to be a fuzzy sphere. 

We mention the recent progress about enhangon here. In |Tl[] , other types of 3 dimensional gauge 
theory appear by introducing some kinds of orientifolds. The investigations from the view point of 
gauge theory on the brane are also done in [^2| - [r^| . In these papers, enhangon and the gauge theory 
on "fractional D-branes" are studied. Fractional D-brancs are wrapped D-branes on vanishing cycles 
of some (for example orbifold) singularity and their D-brane charge is actually fractional, cnhangons 
appear also in these fractional D-brane system. In [|l8],[l9| enhangon and the black hole thermodynamics 
are investigated. In (20), the supergravity solution of enhangon shell and its stability are studied. In plf 
more on consistency of enhangon are corrected and applied to some general case. 
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